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ABSTRACT
Investigations into the use of gold nanorods (Au-NRs) for biological applications are growing exponentially due to their
distinctive physicochemical properties, which make them advantageous over other nanomaterials. Au-NRs are particularly renowned for their plasmonic characteristics, which generate a robust photothermal response when stimulated with
light at a wavelength matching their surface plasmon resonance. Numerous reports have explored this nanophotonic
phenomenon for temperature driven therapies; however, to date there is a significant knowledge gap pertaining to the
kinetic heating profile of Au-NRs within a controlled physiological setting. In the present study, the impact of environmental composition on Au-NR behavior and degree of laser actuated thermal production was assessed. Through acellular evaluation, we identified a loss of photothermal efficiency in biologically relevant fluids and linked this response to
excessive particle aggregation and an altered Au-NR spectral profile. Furthermore, to evaluate the potential impact of
solution composition on the efficacy of nano-based biological applications, the degree of targeted cellular destruction
was ascertained in vitro and was found to be susceptible to fluid-dependent modifications. In summary, this study identified a diminution of Au-NR nanophotonic response in artificial physiological fluids that translated to a loss of application efficiency, pinpointing a critical concern that must be considered to advance in vivo, nano-based bio-applications.
Keywords: Gold Nanorod; Nanophotonic; Agglomeration; Artificial Physiological Fluid; Photothermal Application

1. Introduction
Due to their unique physicochemical properties, gold
nanorods (Au-NRs) are being increasingly utilized in
consumer and medical applications, including photothermal therapy, bioimaging, drug delivery, and site specific catalysis [1-3]. Specifically, these distinctive nanogold parameters include a general biocompatibility, plasmonic properties, enhanced surface reactivity, and ease
of functionalization [4]. Au-NRs also possess the shapespecific advantages of tunable aspect ratio (AR) and
strong longitudinal surface plasmon (LSP) absorbance in
the near infrared (NIR) range [4]. Due to the fact that
NIR light excites the LSP resonance of the Au-NRs, they
possess exceptional photothermal capabilities, converting
absorbed light into thermal energy with high efficiency
*
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[5,6]. This nanophotonic characteristic, coupled with the
fact that NIR light is minimally absorbed by tissues,
makes Au-NRs an ideal candidate for photothermal
based therapies and applications.
One recent Au-NR application being explored is the
targeted ablation of cancer cells through photothermal
therapy [7]. This process is being enhanced through the
addition of targeting agents and chemotherapy treatments
to the Au-NR surface [8,9]. Moreover, the nanophotonic
response of Au-NRs has been developed into a delivery
mechanism for the systematic release of a target biomolecule, with specific examples including DNA oligonucleotides and the anticancer drug paclitaxel [10].
However, as cellular environments are extremely susceptible to temperature fluxuations, photothermal-based applications have a very narrow temperature range for optimal efficiency, which needs to be considered during the
ANP
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design process.
The variance of nanorod optical properties as a function of AR is well defined with the LSP band shifting
further into the NIR spectrum with increasing AR [11].
Theoretical models have linked AR dependent spectral
signatures of Au-NRs to projected photothermal efficiencies and have identified particle absorbance to be the
predominant factor contributing to the nanophotonic response [11]. Furthermore, previous studies have shown
that ionic strength and refractive index of the dispersant
fluid directly impacts the absorbance, agglomeration
state, and stability of Au-NRs: all of which have the potential to modify the innate photothermal abilities of
these nano-sized particles [12,13].
Agglomeration is a major concern regarding the
physical behavior of nanomaterials, and is a property
frequently overlooked. Aggregation of particles has been
shown to have wide-reaching effects and influences outcomes including cytotoxicity, rate of internalization, particle distribution, and spectral profiles [12]. Agglomeration induced modifications to a nanomaterial’s absorption spectrum would cause a significant change in nanophotonic response as absorbance is the dominant physical
basis for photothermal therapy and imaging applications
[14,15]. Nano-gold has previously demonstrated a high
degree of agglomeration in biological systems [16,17],
highlighting the necessity to elucidate particle behavior
in appropriate physiological environments.
To date, there is a significant lack of information regarding the kinetic heating patterns of nanomaterials solutions in physiological fluids, due to the constraints associated with obtaining in vivo samples. One mechanism
to overcome this challenge is the utilization of artificial
physiological fluids, which mimic the composition and
behavior of a biological fluid. Artificial fluids also allow
for the characterization and behavioral analysis of nanomaterials in a physiologically relevant environment with
greater ease and reproducibility.
This study evaluated the behavior and photothermal
response of Au-NRs in multiple biological environments
and linked heating profiles to their respective physical
properties. The fluids under examination included artificial alveolar fluid (AF), interstitial fluid (IF), and cerebrospinal fluid (CSF). Composition was found to dictate
Au-NR agglomeration, independent of AR, thereby
modifying the heating kinetics. Moreover, to verify the
impact of these heating alterations in vitro, the degree of
Au-NR induced cellular ablation as a function of fluid
composition was ascertained. This work revealed that
fluid-induced particle agglomeration in a biological environment can significantly alter the photothermal response of Au-NRs and reduce the efficiency of laser mediated nano-based biological applications.
Open Access
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2. Experimental
2.1. Au-NR Synthesis and Characterization
The Au-NRs were synthesized through a dual surfactant,
wet-chemistry based process utilizing cetyltrimethlyammonium bromide (CTAB) and benzyldimethylammonium chloride (BDAC) as previously described [18].
Synthesis was carried out through the addition of gold
seeds to an aqueous solution, after which gold ions were
reduced on the seed surface to form nanorods. The aspect
ratio was controlled during this process through the initial concentration of BDAC within the growth solution.
The high-grade CTAB and BDAC were purchased from
GFC Chemicals and TSI Incorporated, respectively. All
other chemicals involved in synthesis were purchased
from Sigma Aldrich.
The Au-NRs were purified through a combination of
the well-established protocols of centrifugation and depletion-induced separation [19] and functionalized with 5
kD thiolated polyethylene glycol (PEG) [20]. Following
synthesis, the Au-NRs were characterized with transmission electron microscopy (TEM: Hitachi H-7600) for size
and morphology, UV-VIS analysis (Varian Cary 5000)
for spectral signature, and inductively coupled plasma
mass spectrometry (Perkin Elmer ICP-MS 300D) for
particle concentration.

2.2. NIR Laser Exposure
An 808 nm, continuous wave fiber coupled laser diode
(Oclarao Technology Limited) was utilized as the NIR
light source. An average laser power of 3.5 W was delivered and controlled through a Newport laser diode driver.
The fiber was paired to an optics system for collimation,
producing a power density of 0.774 W/cm2. The beam
path was targeted longitudinally to a cuvette containing 2
mL of a 25 µg/mL Au-NR solution, which was monitored with a Dostmann electronic P6000 thermocouple
positioned within the cuvette, but outside the direct beam
path. The reproducibility of this set-up was verified by
quantifying the kinetic heat response of the Au-NRs in
control media in triplicate with negligible differences
observed. For cellular laser irradiation, the diode was
aimed in a down position at adherent cells located in a 96
well plate.

2.3. Thermodynamic Model
By assuming the heat lost to the environment is
negligible in comparison to the quantity of generated
energy, the rate of heat production can be quantified by a
simplified version of the first law of thermodynamics, as
follows.
C T
Q  v
t
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where Q is the rate of heat generation (J/s), Cv is the
fluid heat capacity, ΔT is the change in solution temperature, and t is the duration. In this analysis it was assumed that the heat capacity and density of water were
unaltered by the presence of Au-NRs and were 4.14
J/g-K and 1 g/cm3, respectively. When applied for the
alternative fluids, the assumption was made that the ΔT
term was dominant over the Cv and the heat capacity of
the artificial fluids was approximated to be equal to that
of water.

2.4. Nanorod Stability Assessment
Following dispersion in the denoted artificial fluids,
nanorod characterization was performed through darkfied
(DF) microscopy, UV-VIS, zeta-potential, and dynamic
light scattering (DLS). For DF imaging, a small volume
of a 25 µg/mL Au-NR sample was spotted onto a microscope slide and the agglomerates were imaged using a
CytoViva 150 attachment on an Olympus BX41 microscope. The zeta potential and DLS analyses, which assess
surface charge and agglomerate size, respectively, were
performed on a Malvern Zetasizer Nano ZS series. All
stability assessments were performed on freshly dispersed Au-NR solutions.

2.5. Cell Culture and Artificial Physiological
Fluids
Human kertatinocyte, HaCaT, cells were a kind gift from
the Army Research Laboratory and were maintained in
RPMI 1640 cell culture media (ATCC) supplemented
with 10% heat-inactivated fetal bovine serum and 1%
penicillin-streptomycin. Cells were stored in a humidified incubator controlled at 37˚C and 5% CO2. In addition to traditional growth media (GM) this study explored the impact of a number of artificial fluids on
Au-NR behavior, including alveolar fluid, interstitial
fluid, and cerebrospinal fluid. The artificial fluids were
created from previously published recipes [21], and are
comprised of a predetermined concentrations of multiple
salt solutions (Sigma Aldrich).

2.6. Cell Viability Measurements
HaCaTs were seeded into a 96 well plate at a concentration of 2.0 × 104 cells per well and returned to the incubator for 24 hours. The cells were then exposed to the
indicated conditions, underwent NIR laser irradiation for
1 minute, then replenished with fresh growth media. The
next day viability was assessed using the CellTiter 96
Aqueous One Solution (Promega Corp.) which monitors
mitochondrial function through a tetrazolum reagent
(MTS), in accordance with the manufacturer’s protocol.

2.7. Statistical Analysis
Data are expressed as the mean ± standard error of the
Open Access

mean (SEM). A two way ANOVA analysis was run
using Graph Pad Prism followed with a Bonferroni
adjustment to determine statistical significance. An
asterisk denotes a p-value < 0.05.

3. Results and Discussion
3.1. Au-NR Characterization
Au-NRs were successfully and reproducibly synthesized
with target ARs of approximately 3.0, 3.5, and 4.0;
representative TEM images are shown in Figure 1. All
Au-NRs in this study were functionalized with thiolated
PEG as it has been shown to augment thermal dissipation
from Au-NRs during laser irradiation [22]. In addition,
thiolated PEG is capable of displacing the surface bound
CTAB which is required for nanorod synthesis, but has
also been shown to be extremely cytotoxic [23]. Prior to
experimentation, the efficient removal of CTAB was
verified through a viability assessment of the Au-NRs;
all of which were found to be biocompatible after a 24
hour exposure at concentrations up to 100 µg/mL (Figure 2).
Following synthesis and functionalization, the Au-NRs
underwent extensive characterization to identify their
physical parameters prior to investigating their innate
nanophotonic potential. The characterization results are
summarized in Table 1. TEM images were used to cal-

Figure 1. Representative TEM images of gold nanorods
following synthesis, purification, and functionalization with
PEG. The gold nanorods have defined and uniform aspect
ratios of (a) 3.0, (b) 3.5, and (c) 4.0.

Viability (% Control)

338

AR 3.0
AR 3.5
AR 4.0

125
100
75
50
25
0
5

25

50

100

Au-NR concentration (g/ml)
Figure 2. Viability assessment of Au-NRs following functionalization with PEG demonstrated no particle induced
cytotoxic effects after 24 hours.
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Table 1. Gold nanorod characterization.
AR

Actual AR

Zeta potential (mV)

Agglomerate size (nm)

3.0

2.8

−23.1 ± 1.5

61.0 ± 1.4

3.5

3.6

−21.4 ± 1.3

68.9 ± 1.2

4.0

3.9

−19.3 ± 0.7

76.6 ± 1.9

culate the primary size and verify the rod morphology of
the Au-NRs. The width for the nanorods was approximately 15 nm, with a length of 41, 54, and 60 nm for AR
3, 3.5, and 4. Furthermore, these images indicated excellent material parameter uniformity among particles. Zeta
potential analysis determined that all the particles displayed a negative surface charge; further confirming that
the positively charged CTAB was effectively removed.
Agglomerate size was ascertained in media through DLS,
and identified a small degree of inter-particle association,
which was expected as all nanomaterials agglomerate to
some extent in solution. Lastly, the spectral signatures of
the Au-NR sets were obtained (Figure 3(a)) and further
demonstrated the quality of these particles, which possessed distinct, sharp surface plasmon resonance peaks.

3.2. Correlating Au-NR Absorbance to the
Kinetic Photothermal Response
As anticipated, UV-VIS analysis of the nanorods demonstrated that with increasing AR the longitudinal peak
shifted further into the NIR spectrum (Figure 3(a)). One
consequence of this spectral shift is that each Au-NR set
possessed a different absorbance at 808 nm (A808), the
operational laser wavelength. Therefore, utilizing AuNRs of varying AR provided a metric to evaluate the
correlation between particle absorbance and photothermal efficiency while simultaneously removing other
variable such as composition, surface chemistry, and
concentration. During NIR laser irradiation, the Au-NRs
demonstrated a differential heating response based on
their respective A808 values (Figure 3(b)). Furthermore
there existed a direct proportionality between the A808 of
each Au-NR set and degree of observed solution heating.
Next, a simple thermodynamic model was used to
evaluate the rate of thermal production (Q) for each AR.
This model was implemented for the time frame of 1 - 4
minutes to capture the linear phase of the photothermal
response. The results of this analysis are shown in Figure 3(c) and provide a clear, numerical connection between Au-NR absorbance, change in solution temperature, and kinetic heat production.

3.3. Fluid Dependent Reduction of Photothermal
Efficiency
One factor that has been shown to dictate the nanomaterial physical behavior, including absorbance values, surOpen Access

Figure 3. Impact of particle absorbance on nanophotonic
heating in water. (a) The UV-VIS spectra of Au-NRs with
varying AR demonstrate a range of absorbencies at 808 nm,
the laser wavelength; (b) The resultant heating profiles of
Au-NR solution during NIR laser irradiation identified a
direct correlation between photothermal response and absorbance; (c) Results of a basic thermodynamic model
which evaluated rate of energy generation for each AR
during laser exposure.

face charge, and extent of agglomeration is the composition of the surrounding fluid [13]. Consequently, we predicted that the photothermal capability of Au-NRs would
be dependent on the dispersant composition. To test this
hypothesis, Au-NRs were distributed in either growth
media or an artificial physiological fluid and underwent
NIR laser irradiation for six minutes with continual
evaluation of solution temperature. Standard cellular
growth media served as the control fluid for these experiments and showed no substantial modification in
photothermal response compared to water (data not
shown).
However, when distributed in the physiological fluids,
the Au-NRs exhibited an altered thermal kinetic profile
ANP
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for all ARs, as seen in Figure 4. When in alveolar fluid,
the nanophotonic response was reduced by approximately 20%, whereas in interstitial and cerebrospinal fluid,
the photothermal efficiency dropped by approximately
25%. Similar heating trends were seen for all tested ARs,
with the most significant inhibition occurring in interstitial and cerebrospinal fluids. Control experiments verified that the fluids alone produced negligible quantities
of heat during NIR exposure (data not shown), confirming that the modified heating response was generated by
a fluid-dependent alteration of Au-NR behavior and not
the fluids themselves.

3.4. Modified Au-NR Behavior in Physiological
Fluids
The most probable explanation for this diminution of
Au-NR photothermal capability is an alteration to the
physical behavior of the nanorods; likely an excessive
amount of particle agglomeration. Increased agglomeration would result in a reduction of the number of Au-NRs
directly in the laser beam path and capable of absorbing
the light photons, thus leading to a loss of heat generation.
As all the tested ARs displayed an approximate equivalent percent reduction of thermal production in the artificial fluids, it demonstrated that the fluid composition and
not the particle AR dominated this effect. As such, only
AR 4 Au-NRs were used to evaluate behavior in physio-

(a)

(b)

(c)

Fluid
GM
AF
IF
CSF

Fluid
GM
AF
IF
CSF

Fluid
GM
AF
IF
CSF

Δ T (K)
4.45
3.27
3.56
3.23

Q (J/s) % Change
0.21
-0.15
-28.57
0.16
-23.81
0.15
-28.57

Δ T (K) Q (J/s) % Change
16.79
0.77
-14.89
0.68
-11.69
12.33
0.57
-25.97
12.15
0.56
-27.27

Δ T (K) Q (J/s) % Change
26.84
1.23
-22.48
1.03
-16.26
20.67
0.95
-22.76
20.62
0.95
-22.76

Figure 4. Influence of fluid composition on gold nanorod
nanophotonic response. Gold nanorods of AR (a) 3.0, (b),
3.5, and (c) 4.0 were dispersed in either growth media (GM),
artificial alveolar fluid (AF), artificial interstitial fluid (IF),
or artificial cerebrospinal fluid (CSF) and exposed to an
NIR light source. The photothermal response of each particle set was monitored and subjected to the thermodynamic
model to ascertain the rate of heat production.
Open Access

logically relevant environments.
As a first metric to evaluate Au-NR behavior in the
examined artificial fluids, DLS was performed to quantitatively ascertain the extent of agglomeration (Table 2).
These results identified a significant increase in the effective Au-NR size following dispersion in AF, IF, and
CSF over GM. Importantly, the agglomerate sizes were
inversely proportional to the observed photothermal response, with increasing aggregation correlating to a loss
in heating. Of the tested fluids, it was found that the
greatest degree of agglomeration and loss of heating
were associated with IF and CSF environments. A zeta
potential analysis was also performed on each set of
Au-NRs, and the expected alterations to surface charge
were found, in accordance with the fluid’s composition.
To further illuminate the influence of fluid composition
on Au-NR behavior UV-VIS analysis and characterization was performed (Figure 5(a), Table 2).
Agglomeration has been shown to induce a number of

Figure 5. Alteration to gold nanorod behavior in physiological fluids. (a) Fluid dependent alterations in the UV-VIS
spectral signatures of gold nanorods. Dark field imaging
was performed to visually assess extent of gold nanorod
aggregation when in (b) growth media, (c) alveolar fluid, (d)
interstitial fluid, and (e) cerebrospinal fluid.
Table 2. Analysis of Au-NR physical parameters in biological fluids.
Fluid

Agglomerate size (nm)

Zeta potential (mV)

A808

λPeak

GM

76.6 ± 1.9

−19.3 ± 0.7

1.00

810

AF

162.8 ± 31.9

−2.9 ± 1.2

0.95

805

IF

298.1 ± 68.5

−6.9 ± 0.9

0.86

841

CSF

278.0 ± 78.4

−6.6 ± 0.8

0.78

850
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alterations to the spectral profile of nanorods, including a
spectral redshift and LSP peak broadening [24]. Both of
these modifications were found when AR 4 Au-NRs
were distributed in physiological fluids. In IF and CSF a
redshift of 31 and 40 nm, respectively, was noted in the
resultant spectral signature, in agreement with DLS agglomeration data. However, when in AF there was no
shift to the NIR range, but instead there was a slight
broadening of the LSP peak and a diminishment of the
maximum absorbance. Included in Table 2 are the A808
and λPeak values for each fluid examined, quantitatively
demonstrating fluid-dependent modification of the AuNR spectral profile. Consequently, we concluded that
this environmental influence on Au-NR behavior is responsible to for the differential nanophotonic efficiency
in physiological fluids (Figure 4).
The examination of fluid-induced particle aggregation
was taken one step further to visually assess agglomeration patterns. To achieve this, dark field (DF) imaging
was performed with representative images shown in
Figures 5(b)-(e). In GM particle are primarily monodispersed with only a few petite aggregates visible. When
in AF, there were more agglomerates and the sizes
tended to be larger than in GM. However, the most significant alterations were seen in IF and CSF environments; both of which produced exceptionally large
Au-NR aggregates with a wide range of sizes noted. This
variety in aggregates aligns with previous DLS data that
indicated a large standard deviation of size when particles were resuspended in IF and CSF.

3.5. Fluid-Dependent Loss of Nanophotonic
Cellular Response
In addition to quantitatively demonstrating that the photothermal kinetic rate of Au-NRs was strongly dependent
on environmental factors, this study sought to ascertain if
this modification impacted a targeted cellular response.
As one major nanophotonic application to date is the
ablation of cells [4], this physiological consequence was
selected for evaluation. Subsequently, the ablation potential of AR 4 Au-NRs was evaluated in GM and the three
examine artificial physiological fluids. The cells were
exposed to a 25 µg/mL concentration, the same as in the
acellular evaluation, followed by a one minute irradiation.
While all experimental conditions induced a high degree
of cellular death, the growth media produced a more robust ablation response when directly compared against
the other fluids (Figure 6). Controls without laser exposure were performed to verify that this phenomenon was
not an artifact of the fluids themselves, but induced as a
result of the joint Au-NR and NIR laser response (data
not shown). In growth media, the highest degree of cellular destruction was observed, in excellent agreement
with previous results that indicated the smallest degree of
Open Access
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Figure 6. Fluid dependent efficiency of gold nanorod dependent cellular response. The influence of a cellular environment on nanophotonic derived cellular death was evaluated and found to be highly susceptible to environmental
composition. The absorbance values for each fluid are included for correlation (* and † denote statistical significance
from the control and from other fluids, respectively, p <
0.05, n = 4).

agglomeration and a more pronounced photothermal effect with GM. The reduction in generated heat in IF and
CSF impacted the ability of Au-NRs to destroy targeted
HaCaT cells, demonstrating the potential for environmental interference in nano-based applications.

3.6. Implications of These Findings for
Nano-Based Applications
The work presented in this study provides knowledge
important to consider for both the medical and nanotechnology fields at large. We revealed that the behavior
of Au-NRs, both the extent of agglomeration and NIR
laser dependent heating efficiency, was modulated in different physiologically-relevant fluids. While it is known
that all nanomaterials will display inter-particles interactions to some degree when dispersed in fluids, the extent
of that aggregation is dependent upon the fluid composition and ionic strength [13]. The behavior of Au-NRs in
interstitial fluid was extremely interesting to explore as it
is one of the most prevalent environments in vivo. A high
degree of particle agglomeration in IF was identified
through DLS, UV-VIS, and DF imaging in this study, suggesting that nanomaterials in an in vivo setting are likely
to interact as a group instead of individual rods. A similar
effect was previously seen with silver nanoparticles in IF,
demonstrating that this is a fluid effect and particle quality concerns [25]. The lesser degree of agglomeration
seen in growth media is due to the high serum and protein content of that fluid, which coats the particles, forming a protein corona, and serves as a buffer between the
particles, thus minimizing inter-particle forces [26].
Lastly, we demonstrated that the observed fluid-deANP
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pendent agglomeration altered the inherent nanophotonic
response of Au-NRs. This discovery was validated both
acellularly and in an in vitro environment. From these
evaluations the degree of agglomeration, extent of photothermal response, and ability of Au-NRs for cellular
ablation were all found to be interconnected. Taken together, these results pose an intriguing question as to
how nano-sized particles would behave in an in vivo system. As Au-NRs travel through the circulatory system,
they would encounter numerous biological locations;
each with a different ionic strength and protein concentration and capable of modulating nanorod behavior. As
we have demonstrated that Au-NRs agglomeration directly impacts the photothermal response, this phenomenon introduces serious obstructions to nanophotonic reproducibility and efficiency in a physiological environment.

4. Conclusions
In this study we quantitatively evaluated the photothermal response of Au-NRs under NIR laser irradiation as
both a function of AR and environmental composition.
From AR experimentation, it demonstrated the strong
link between nanoparticle absorbance at the operational
wavelength (A808) and the kinetic heating rate.
This work also identified that in physiological fluids,
the Au-NRs agglomerated to a large degree. Moreover,
this aggregration was determined to be more significant
than in traditional cell culture media, indicating modified
Au-NR behavior. Fluid dependent alterations to particle
behavior induced a shift in the spectral profile, produced
a reduction in the A808 value, and resulted in a decrease
in nanophotonic efficiency. This diminution of energy
production reduced the targeted cellular ablation initiated
through a joint nanomaterial-laser induced mechanism.
These findings are pictorially summarized in Figure 7.
This study enhanced fundamental knowledge and under-

Reduction
in Cellular
Ablation
Efficacy

Growth
Media

Physiological
Environment

Differential
Photothermal
Response

Figure 7. Schematic summary of the gold nanorod photothermal response following dispersion in alternative physiological fluids. Dispersant composition induced either a
low or high degree of agglomeration, which impacted the
absorbance and the dependent nanophotonic thermal generation. This decrease in photothermal effect resulted in a
loss of target application efficiency.
Open Access

standing of Au-NR behavior in a physiological environment and during NIR laser irradiation, a combination that
is becoming increasingly common in medical research
and applications. Therefore, to progress NIR-based in
vivo applications in the biotechnology and nanotechnology sectors, future studies must address the localized
environmental factors that may potentially impact nanomaterial association and behavior.
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